Abstract-A numerical model is developed to describe unsteady, three-dimensional, natural convective flows in a fluid-saturated, porous medium having a rectangular volume with impervious walls and finite heat transfer at the boundaries.
Abstract-A numerical model is developed to describe unsteady, three-dimensional, natural convective flows in a fluid-saturated, porous medium having a rectangular volume with impervious walls and finite heat transfer at the boundaries.
The model is used to predict the transient decay of a thermocline in a packed bed during a period of stagnation in which there is zero net flow and no energy input into the bed. The computed results compare favorably with experimental data from a packed bed consisting of air and natural stone of mixed sizes and irregular shapes. The results show an upward shift in the position of maximum temperature along the vertical centerline of the bed and confirm the important influence of internal convection on the process. The results also demonstrate that a purely diffusive model would be incapable of a reliable predication.
Further, the recognition of finite heat transfer rates at the boundaries is shown to be a significant factor in improving the predictive capability of the model.
INTRODUCTION

AN IMPORTANT
example of a fluid-saturated, porous medium is a solar thermal storage device which consists of a container filled with a bed of a particulate solid, usually rock, and saturated with air. By passing heated air from a solar collector during the day through an initially cold storage device, energy is transferred from the fluid to the bed. In this process, known as charging, the inlet fluid temperature to the bed normally increases from morning to around solar noon and then decreases through the afternoon until energy is no longer capable of being added to the storage device. This process creates an inherent vertical, nonlinear temperature distribution within the bed called a thermocline.
The stored energy may then be subsequently reclaimed by a reverse flow process, called recovery or discharging, by passing fluid at a lower temperature through the hotter storage device. There is normally a period between the charging and discharging processes, called the hold mode, when there is no net flow through the bed. During this period, the thermocline established by the charging process degrades owing to diffusion and heat loss through the container walls. Because of the time-varying inlet temperature, the thermocline within the bed has a maximum displaced below the inlet plane at the end of the charging process, thus creating a potentially unstable region in the upper portions of the bed. It can therefore be expected that the degradation of the thermocline will also be assisted by natural convection of fluid in the bed.
The purpose of this paper is to present a numerical model describing the transient decay of a thermocline in a porous medium (for which a solar thermal storage device is a current example) and to determine the motion and temperature of the fluid within the bed. 
Tu u NOMENCLATURE specific heat equivalent spherical particle diameter acceleration of gravity convcctivc heat transfer coefficient effective thermal conductivity of the solid-fluid matrix unit vector in the positive z-direction permeability thickness of insulation length of porous medium in the sdirection length of porous medium in the _I'-direction length of porous medium in the zdirection total number of nodes in the y-direction total number of nodes in the r-direction dynamic pressure total number of nodes in the z-direction Superscripts dimensional quantity storage device at the end of charging is inherently stable with the density of the fluid decreasing monotonically with height. Accordingly, Margolis properly models the thermocline degradation by a diffusional process only.
However, the physical circumstances are quite different for a thermocline in a solar thermal storage device at the end of many normal charging processes. In these cases the thermoclinc can bc identified by two regions. The lower region is inherently stable with the density of the fluid decreasing uniformly with height. The upper region. howcvcr. is potentially unstable. Here the density of the fuid continuously increases with height. Thus. a higher density fluid over-rides lower density fluid and the possibility of natural convective motion exists. Beasley rt a/. [I I] measured the decay of a thermocline in a packed bed over a 14-h hold period (after charging) in which there was no net through flow. Their measurements were made in a 0.370-m' (I 3.08-W) rockbed charged by the output of a solar collector during the daylight hours. The transient decay of the thermocline was recorded by measuring the temperatures within the storage device.
Comparisons
will be made later between these measurements and calculations using the model presented in this paper.
MATHEMATICAL FORMULATION AND SOLUTION METHOD
Consider a rectangular volume of a fluid-saturated, homogeneous and isotropic porous medium having impermeable boundaries with finite heat transfer. The coordinate system is shown in Fig. 1 . The following assumptions are used in the development of the mathematical formulation:
(1) the Boussinesq approximation is valid; (2) the fluid density is a linear function of temperature; (3) inertial effects are negligible; (4) thermal dispersion is negligible; and (5) the fluid and solid are in local thermal equilibrium.
The nondimensional governing equations are the conservation of mass, momentum and energy:
(1) (2)
Equations ( into the formulation, the resulting equations may be solved numerically with greater speed and accuracy than with the formulation using the primitive variables [equations (1) and (2) 
Introducing equations (4) and (5) into the curl of equation (2) a.u
The solution to equation (8) 
where R is the thermal resistance ratio (UL,/k$). The minus sign corresponds to the coordinate at zero and the plus sign corresponds to the other coordinate value.
The parabolic part of the formulation [equation (3)] is solved using the Alternating Directions Implicit (ADI) method and the elliptic part corresponding to equations (6) and (7) is solved using the Successive Line Over-Relaxation method. These methods are described in Roache [14] . Both methods are fully implicit and are second-order accurate in space even at the boundaries.
The AD1 method is also secondorder accurate in time. The full second-order accuracy of the ADI method can be deteriorated by the nonlinear terms in the energy equation unless the value of the velocity terms are at the current intermediate time step. This requires an iterative process and a minimum of three iterations within each time step is performed in this study. A detailed derivation of the governing equations and description of the solution method is given by Stamps [ 151.
RESULTS AND COMPARISON
WITH DATA
The results of the present numerical model are compared with the experimental data obtained from the packed bed of Beasley et al. [1 l ] which consists of a porous medium of air-saturated limestone rock of irregular sizes and shapes (Fig. 2) . The volume of the porous medium is 0.712 x0.562x0.927 m (28 x 22.125 x 36.5 In.) creating an effective storage volume of 0.370 m3 (13.08 ft3). The porous medium is contained by a wall with two different types of insulation combinations.
On the vertical sides. 8.89 cm (3+ in.) of vermiculite flakes fill a hollow wall composed of 0.635 cm (tin.) plywood on the outside and 1.27 cm (fin.) plywood on the inside. The porous medium is bounded on the top and bottom by 1.27 cm (4 in.) plywood and 2.54 cm (1 in.) extruded polystyrene separated by a 11.43 cm (4h in.) air space serving as a plenum. Table 1 gives pertinent property values of the various materials used.
A total of 12 copper-constantan thermocouples are located along the vertical centerline of the storage bed and are used to measure the fluid temperature.
The locations of these thermocouples are shown in Fig. 3 . The following assumptions and approximations
FIG. 2. Cross-section of the experimental rockbed.
apply in modeling the experimental storage device. For the boundary conditions the wall heat capacity is neglected, the ambient temperature, T,, is 18.3"C (65"F), the thermal resistance of the plenum air space is neglected, and a typical value of h, = 5.674 W mm2 "Cm' (1 Btu h-' ft-* "F-l) is assumed for natural con- vection to the air surrounding the container walls. The temperature of the concrete floor supporting the storage device is assumed to remain constant at the ambient temperature.
The vertical temperature distribution everywhere in the storage device is assumed to be the same as that at the centerline. To allow the system to equilibrate after the end of the charging mode, the temperature distribution 12 min after the end of charging (first reading after the auto blower shutoff) is used as the initial condition. At this time, the velocity is assumed to be zero everywhere. The initial conditions for velocity and temperature for the numerical model are shown in Fig. 4 . The three solid lines on the front face represent the temperature along vertical lines at the left edge, center and right edge of the cube face. The three rectangular sets of dashed lines enclosing the solid temperature lines mark the temperature range from the minimum to the maximum (left to right). The solid and dashed lines on the other vertical side have the same meanings as on the front face. Note that the two solid lines at the front right edge describe the same temperature distribution; only the perspective is different. The zero velocities are indicated by dots.
In addition to the initial conditions, the following dimensionless parameters are supplied as input to the 
, = (T'_,-T,)/(T,,,-TJ
where T, is 37.9"C (100. Table 1 , the of the effective thermal conductivity in the model is value of the overall heat transfer coefficient from the varied by less than 20% the maximum peak temsides is found to be peratures coincide.
.
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The value of R, is calculated to be 1.088 from the definition R, = U&,/k*,. The value RT is calculated in the same manner as R, except that the walls are composed of a thickness of plywood, I,,, equal to 1.27 cm (f in.) in series with a thickness of extruded polystyrene, I,,, equal to 2.54 cm (1 in. To show the effect of natural convection in the bed, a purely diffusive case is made using the same initial conditions and parametric values and the results are shown in Fig. 7 . Natural convection inside the storage device is evident by the shift upward in the peak temperature of the experimental data while the peak temperatures of the initial distribution and that for the final results of the purely diffusive case are at the same vertical position. A comparison of the numerical results in Figs. 6 and 7 with the experimental data indicates the existence of convection and the necessity of including these effects in the modeling of this process. A condition is also studied in which all sides of the container have insulated boundaries (R = 0) . This is done to show the effect that heat transfer at the boundaries has on the degradation of the thermocline and development of flows. Using the same initial conditions and model parameters (except that R = 0 everywhere) as in the first case, the thermoclines and stable flow patterns at t = 13.45 h are shown in Fig. 8. These are significantly'different from those resulting from finite heat loss at the sides (Fig. 5) . The flow is more vigorous in the upper (unstable) region as evidenced by the larger velocity vectors. A comparison also is made between the centerline vertical temperature distribution of the model and experimental data after 13.45 h and is shown in Fig. 9 The predictive ability of such models is enhanced when provision is made for finite heat transfer rates at the boundaries.
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CONCLUSIONS
The transient decay of a thermocline in a packed bed for solar thermal energy storage is described for a period when there is no energy input and no net flow through the bed. Because of the time-varying inlet temperatures during the charging mode, the initial conditions for the hold mode have an unstable vertical temperature (or density) distribution that may generate a buoyancy-induced motion inside the bed. A numerical model is developed to describe unsteady. three-dimensional, natural convective flows in a rectangular, porous medium having impervious walls with finite heat transfer. Results from this model for the thermocline degradation compare favorably with experimental data from a rectangular packed bed filled with limestone rock saturated by air and surrounded with different types of insulation material. The numerical results show that fluid flows down the vertical sides and up the center of the bed creating an upward shift in the position of maximum temperature along the vertical centerline that is also observed in the experimental data. A purely diffusive model is incapable of producing these results which demonstrates the importance of natural convection inside the bed. A model of a packed bed with insulated boundaries produces a new flow that is more vigorous in the upper unstable region. However, a model that includes finite heat transfer rates at the boundaries predicts the thermocline degradation better than a model incorporating insulated boundaries.
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